INTRODUCTION
Intracellular accumulation of tau forming neurofibrillary tangles is one of the two hallmarks in 67 Alzheimer's disease (AD), the most common neurodegenerative disorder in the elderly [1, 2] . 68 Abnormal tau accumulation is positively correlated with neurodegeneration and memory 69 deterioration [3, 4] , and the total tau level in cerebrospinal fluids has an inverse correlation with 70 memory score in AD patients [5, 6] . The axonal tau pathology in hippocampus is critical for the 71 clinical presentation of dementia and may constitute an anatomical substrate of clinically 72 verifiable memory dysfunctions [3] . The human tau transgenic mice recapitulate features of 73 human tauopathies and cognitive deficits [7, 8] . Tau is essential for β-amyloid-induced synaptic 74 toxicity [9] , while tau knockout attenuates neuronal dysfunction and prevents behavioral deficits 75 in transgenic mice expressing human amyloid precursor protein (APP) without altering high Aβ 76 level in the brain [10, 11] . These clinical and laboratory evidence strongly suggest that tau 77 abnormality plays a pivotal role in AD-like synapse and memory impairments. 78 As a cytoskeleton protein, the originally characterized function of tau is to promote microtubule 79 assembly and maintain the stability of microtubules, which is essential for axonal transport [12, 80 13]. Tau hyperphosphorylation dissociates microtubules and thus disrupts axonal transport [14- 81 18]. Recent studies suggest that tau phosphorylation is actively involved in regulating cell 82 viability [19] [20] [21] . Normally, tau is largely located in the neuronal axons [22] . Upon 83 hyperphosphorylation [23], tau is located into the dendritic spines where it interacts with the 84 postsynaptic proteins and thus induces synaptic dysfunction [24, 25] . Intracellular accumulation 85 of tau causes mitochondrial dysfunction and mitophagy deficits by increasing mitochondrial 86 membrane potential [26, 27] . Tau accumulation also disrupts intracellular calcium signaling 87 leading to activation of calcineurin and CREB dephosphorylation in primary neuron cultures [4] . These hypothesis-driven studies partially disclose the mechanisms underlying the toxic effects of 89 tau. However, the molecular mechanism underlying hTau-induced synapse impairment is not 90 fully understood. 91 In the present study, we employed a large scale screening approach to explore novel molecular 92 mechanisms underlying tau toxicities. By using whole-genome mRNA chip and the transcription 93 factor activation profiling array, we found that overexpressing hTau upregulated JAK2/STAT1 94 signaling, and simultaneous downregulating STAT1 by hippocampal infusion of AAV-Cre in 95 STAT1 flox/flox mice or by overexpressing dominant negative STAT1 mutant mitigates the hTau- 96 induced synaptic and memory deficits. We also found that STAT1 can directly bind to the 97 specific GAS elements GluN1, GluN2A and GluN2B and thus suppress expression of the 98 NMDARs, which reveals a novel mechanism underlying hTau-induced synapse impairment and 99 memory deficit. 
METHODS AND MATERIALS 107
Antibodies and reagents 108 The antibodies used in the present study were listed in the Supplementary Table 3 connected to a digital-tracking device attached to an IBM computer. The spatial memory was 152 tested 1 day after the last training. The longer a mouse stayed in the previous platform-located 153 quadrant, the better it scored the spatial memory. 154 The fear conditioning test was performed as the procedures established in our lab [29] . Briefly, 155 the mouse was kept in the cage for 3 min to adapt to the environment before experiments, and 156 then the mice received training by subjecting to 3 min unsignaled foot-shocks (one shock at the 157 first min, three shocks at the second min and 8 shocks at the third min; 0.5 mA, 2-sec duration, were blocked in 5% non-fat milk for 1 h at room temperature and then incubated with primary 232 antibody ( Supplementary Table 3 In brief, mice were sacrificed by overdose chloral hydrate (1 g/kg) and perfused through aorta 327 with 100 ml 0.9 % NaCl followed by 400 ml phosphate buffer containing 4 % paraformaldehyde. 328 Brains were removed and postfixed in perfusate overnight and then cut into sections (20 μm) 329 with a vibratome (Leica, Nussloch, Germany; S100, TPI). The sections of mice and AD brains 
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Intracellular hTau accumulation induces activation of STAT1
352
During our studies on tau, we often observe that overexpressing hTau proteins result in changes 353 of other proteins. We thus speculate that hTau accumulation may influence gene expression. To 354 test this, we first conducted a whole-genome mRNA chip screening. Indeed, we detected 355 significant alternations in the level of 520 mRNA molecules (235 increased and 285 decreased) 356 in hTau-expressing cells compared with those expressing the empty vector ( Fig. S1 ), suggesting 357 that intracellular hTau accumulation indeed influences gene transcription. To confirm this point, 358 we measured activity of the transcription factors in nuclear fraction by Transcription Factor 359 Activation Profiling Array (Table S1 and Table S2 ), in which the activity of 96 transcription 360 factors were monitored using a collection of biotin-labeled DNA probes based on the consensus 361 sequences of individual transcription factor DNA binding sites (Signosis). The results showed 362 that the activity of STAT1 and CBF was significantly increased, while the activity of HNF1, 363 HOX4C, PLAG1, SMUC, VDR, SF-1 and PIT1 decreased remarkably in cells overexpressing 364 hTau ( Fig. 1A, B ). In protein level measured by Western blotting, only elevation of STAT1 but 365 not CBF was shown in total extracts and the nuclear fraction ( Fig. S2) . 366 Herein, we focused on STAT1 which has been implicated in cognitive functions [33, 34] . We 367 demonstrated that overexpressing hTau remarkably increased the activation-dependent 368 phosphorylation of STAT1 at Tyr701 (pY-STAT1) in both cell lysates (Fig. 1C , D) and the 369 nuclear fraction (Fig. 1E, F) with an enhanced nuclear translocation ( Fig. 1G ) and dimerization 370 ( Fig. 1H ) of STAT1 measured by Western blotting and immunofluorescence imaging. Activation 371 of STAT1 by overexpressing hTau was also detected by TFs luciferase assay (Fig. 1I ). By 372 EMSA assay using an oligonucleotide probe containing STAT1 binding site, we also found that 373 18, Li et al.
hTau accumulation increased binding of STAT1 to DNA and this association was disrupted by 374 using cold probe (Fig. 1J) . These in vitro data indicate that intracellular hTau accumulation 375 induces STAT1 activation. 376 To test the in vivo effects of hTau accumulation on STAT1, we first injected stereotaxically 377 AAV-hTau into the mouse hippocampi and measured the alterations of STAT1 and pY-STAT1 378 after 1 month. Expression of hTau was confirmed by Western blotting (Fig. 2A) , and fluorescent 379 imaging and as well as immunohistochemistry (Fig. S3A ). Overexpression of hTau significantly 380 increased total STAT1 and pY-STAT1 in hippocampal extracts and the nuclear fraction ( Fig. 2A,   381 B) without changing VDR, PLAG1 and SMUC ( Fig. S3B ), suggesting a relatively specific effect 382 of hTau on STAT1. Infection of control AAV-eGFP did not activate STAT1 (Fig. S3C ). By co-383 staining of nuclear translocation of STAT1 with NeuN, IBA1 and GFAP, we found that the 384 neuronal staining of STAT1 was most significant (Fig. S4 ). Elevation of STAT1 and pY-STAT1 385 was also detected in the hippocampi of 9 m-and 12 m-old hTau transgenic mice (Fig. 2C, D, Fig.   386 S5A). By transfecting Syn-hTau-AAV into the hippocampus, we found that the neuron-specific 387 overexpression of hTau also significantly increased total STAT1 and pY-STAT1 in hippocampal 388 extracts and the nuclear fraction ( Fig. S6A, B ). In the cortex of AD patients, both total and pY-389 STAT1 in the nucleus were also significantly increased ( Fig. 2E, F) . These data provide the in immunohistochemistry and Western blotting (Fig. 3A, B) . By MWM test, we observed that 397 STAT1 knockdown could efficiently rescue the hTau-induced spatial learning impairments 398 shown by the decreased escape latency at days 4 and 5 during the 5-days training (Fig. 3C) . In 399 memory test measured at day 6 by removed the escape platform, the mice with STAT1 400 knockdown showed less average latency to reach the previous target quadrant (Fig. 3D) , more 401 frequent crosses in the platform area ( Fig. 3E ) and more time stayed in the platform quadrant 402 (Fig. 3F ) than the control mice. No significant difference in swimming speed was seen among 403 the three groups (Fig. 3G) , which excluded motor deficits. By fear conditioning test, we also 404 observed that STAT1 knockdown improved long-term memory shown by an increased freezing 405 time during memory test in human hTau-expressing mice (Fig. 3H ). These data demonstrate that 406 downregulating STAT1 in hippocampus can efficiently rescue hTau-induced learning and 407 memory impairments. 408 Synaptic plasticity is the precondition of learning and memory, therefore we studied how hTau 409 accumulation or with simultaneous STAT1 knockdown affects synaptic functions on the acute 410 brain slices. Using a paired-pulse protocol to determine the paired-pulse ratios (PPR) of the 411 fEPSP at mossy fiber-CA3 circuit, we did not find significant difference between AAV-hTau and 412 AAV-GFP injected mice (Fig. 3J ), indicating no significant presynaptic dysfunction. On the 413 other hand, the fEPSP slope was reduced in hTau-expression slices compared with AAV-GFP 414 controls, and downregulating STAT1 substantially attenuated the hTau-induced suppression of 415 LTP (Fig. 3I, K, L) . These data indicate that hTau suppresses LTP by preferentially affecting GluN2A and GluN2B, while knockdown STAT1 by AAV-Cre substantially restored the protein 431 and mRNA levels of the NMDARs measured respectively by Western blotting (Fig. 4A, B , D, E; 432 Fig. S7A, B ), RT-PCR ( Fig. 4C, F; Fig. S7C ), and immunohistochemical staining (Fig. S7D, E) . 433 On the other hand, overexpressing hTau with or without STAT1 knockdown did not significantly 434 affect the protein levels of presynaptic proteins synapsin1 (Syn1) and synaptotagmin1 (Syt1), or 435 postsynaptic proteins AMPA receptor subunits GluA1 and GluA2 (Fig.4A-F) . These data 436 suggest that STAT1 elevation mediates the hTau-induced suppression of NMDAR expression. 437 We also found that NMDAR protein levels decreased in the 9 m-and 12 m-old hTau transgenic 438 mice compared with the wildtype littermates (Fig. S5B) . By transfecting Syn-hTau-AAV into the 439 hippocampus, we found that the Syn-specific neuronal overexpression of hTau also decreased 440 NMDAR levels (Fig. S6C) , as seen in the pan-neuronal overexpression of hTau (Fig. 4A, 4B ). To explore how STAT1 suppresses the expression of NMDARs, we screened potential binding 442 sites of STAT1 in the promoter regions of GluN1, GluN2A and GluN2B in a transcription factor 443 database [35] . We found 2 conserved GAS promoter elements for STAT1 binding in the 444 promoter regions of GluN1 and GluN2B, and 4 GAS promoter elements in GluN2A (Fig. 5C , E, 445 G). Further studies by chromatin immunoprecipitation (CHIP) assay demonstrated that 446 overexpression of hTau in hippocampus remarkably increased binding of STAT1 to the 447 promoters of GluN1, GluN2A and GluN2B genes (Fig. 5A) , and upregulating wildtype STAT1 448 inhibited transcription activity of the NMDARs (Fig. 5B) . These data together demonstrate that 449 STAT1 activation can suppress NMDAR expression by direct binding to the promoter. 450 To clarify the specific GAS promoter element of GluN1, GluN2A or GluN2B genes for STAT1, 451 we constructed luciferase reporters containing various GAS elements on the NMDAR promoters 452 ( Fig. 5C-H) . After co-transfection of specific GAS element reporters with STAT1 into HEK293 453 cells, we found that co-expression of STAT1 with GAS1 on GluN1 (Fig. 5C, D) or GAS2 on 454 GluN2B (Fig. 5E, F) induced inhibition of luciferase activity, while the luciferase activity of 455 GAS2 on GluN1 and GAS1 on GluN2B was not changed by STAT1 (Fig. 5D, F ). Furthermore, 456 expression of mutant GAS1 on GluN1or GAS2 on GluN2B abolished STAT1-induced inhibition 457 of luciferase activity (Fig. 5D, F) . These data suggest that STAT1 inhibits GluN1 and GluN2B 458 expression by binding to GAS1 (GluN1) and GAS2 (GluN2B) elements, respectively. 459 In case of GluN2A that has 4 GAS elements, we found that co-expression of STAT1 with GAS1, 460 2 or 4 elements did not change luciferase activity (Fig. 5G, H) ; but co-expression of STAT1 with 461 GAS3 element induced transcriptional activation and that was abolished by GAS3 mutant (Fig.   462 5H). To clarify these conflict results, we did a random assortment study of the reporters. The 463 results showed that co-expression of GAS1-3, GAS2-4 and GAS3-4 elements with STAT1 464 22, Li et al.
induced inhibition of luciferase activity, while co-expression of GAS2-3 elements increased the 465 luciferase activity ( Fig. 5I-J) . These data suggest that a multi-GASs-dependent binding of 466 STAT1 may be involved on GluN2A subunit. 467 We also measured laminin β1 (LB1) that is involved in Aβ-induced suppression of NMDAR 468 expression [33] . No significant change was detected after overexpressing hTau (Fig. S8) , 469 suggesting that hTau induces synapse impairment with distinct mechanisms from Aβ. ERK were activated by overexpressing hTau (Fig. 6A, B 7B-F) with attenuation of LTP suppression (Fig. 7G, H) and restoration of GluN1, GluN2A and 488 GluN2B protein and mRNA levels ( Fig. 7I-K) . These data reveal that phosphorylation of STAT1 489 at Tyr701 indeed plays a critical role in hTau-induced synapse and memory impairments. 490 To explore whether STAT1 knockdown affects tau phosphorylation and aggregation, we co- for tau-related synapse and memory impairments (Fig. S11 ).
511
The mammalian STAT family is consisted of seven members, i.e., STAT1, 2, 3 and 4, STAT5a, of NMDAR subunits. These data not only reveal novel mechanism underlying the STAT1-544 regulation on synaptic function, but also provide potential strategy for intervention. 545 To identify the exact binding element(s) of STAT1 on NMDAR promoters, we constructed GAS 546 promoter elements (GASs) in NMDAR promoter regions for luciferase activity assay. We 547 observed that GAS1 in GluN1 promoter and GAS2 in GluN2B promoter were required for 548 STAT1 negative regulation of the genes expression. However, STAT1 increased luciferase 549 activity of GAS3-containing constructs in GluN2A promoter, which is inconsistent with the 550 reduced mRNA and protein levels of GluN2A by STAT1. Our further studies reveal that STAT1 
